INTRODUCTION
Rheumatoid arthritis (RA) is a chronic autoimmune disease affecting approximately 1% of the population. Available treatments induce significant clinical improvement, but rarely achieve cure or remission (1) . RA has a strong genetic component, with a heritability of 60% (2) , and therefore the identification of genes contributing to disease susceptibility and severity is expected to generate novel and better therapeutic targets. Indeed, several genome-wide studies have identified MHC and non-MHC susceptibility loci (3-7), but little is known about the identity and mode of action of those genes, or of those regulating arthritis severity.
Several arthritis severity quantitative trait loci (QTL) were identified in intercrosses between arthritis-susceptible DA and arthritis-resistant F344 or ACI rats (8) (9) (10) , and we confirmed the arthritis regulatory effect in congenic strains (11) (12) (13) (14) (15) . Once identified, the arthritis genes contained within those QTL congenic intervals will elucidate pathways and processes central to disease pathogenesis. We also considered the possibility that immunologic phenotypes known to be relevant to the pathogenesis of arthritis, such as T cell phenotypes, may be genetically regulated, thus generating early clues to candidate QTL genes or pathways for further characterization.
T cells are known to have a central role in the pathogenesis of pristane-induced arthritis (PIA) (16, 17) , collagen-induced arthritis (CIA) (18) (19) (20) (21) , and RA (22) . Early synovial T cell infiltrates in rodents contain increased numbers of CD4 + cells
T cells have a central role in the pathogenesis of autoimmune arthritis, and several abnormalities in T cell homeostasis have been described in rheumatoid arthritis (RA). We hypothesized that T cell phenotypes, including frequencies of different subsets of T regulatory (Treg) cells and in vitro functional responses could be genetically determined. Furthermore, we considered that the genetic contribution would be accounted for by one of the arthritis regulatory quantitative trait loci (QTL), thus providing novel clues to gene mode of action. T cells were isolated from thymus, peripheral blood, and spleen from DA (arthritis-susceptible) and ACI and F344 (arthritis-resistant) strains and from F344.DA(Cia1), DA.F344(Cia5a), and DA.F344(Cia5d) rats congenic for arthritis QTL. T cell subpopulations differed significantly between DA, F344, and ACI. DA rats had an increased frequency of CD4 + (23) , and depletion of these cells prevents (24) and treats established disease (25). Additionally, CD4 + T cells contribute to autoantibody production, inflammation, synovial angiogenesis, hyperplasia, and cartilage and bone destruction in PIA, CIA, and RA (26-31), and T regulatory (Treg) cells are implicated in the suppression of cellular and humoral responses in CIA (32-34) and RA (35) . Furthermore, abnormalities in T cell homeostasis and in in vitro responses have been described in RA (36, 37) and may be genetically determined. We specifically hypothesized that the rat chromosome 10 QTL Cia5a and Cia5d, which determine PIA and CIA severity, may contribute to the genetic regulation of T cell phenotypes. Cia5a determines levels of autoantibodies against cartilage type II collagen, and similarly to Cia5d regulates synovial events involved in disease pathogenesis, such as infiltration with mononuclear cells, production of IL-1β, angiogenesis, hyperplasia, and bone and cartilage erosions (14) , thus making both the Cia5a and Cia5d QTL obvious candidates for T cell analyses.
In the present study, we demonstrated for the first time that the arthritis-susceptible DA differs form the arthritis-resistant ACI and F344 rat strains in several T cell phenotypes, indicating genetic regulation, and that genes controlling T cell numbers, including subsets of Treg cells, co-segregate with the arthritis severity loci Cia5a, Cia5d, and the MHC (Cia1), providing novel insight into the mode of action of these arthritis genes.
MATERIALS AND METHODS

Rats and Construction of the QTL Congenic and Subcongenic Lines
Specific pathogen-free 8-to 12-weekold female DA/Hsd (DA, arthritis-susceptible) and F344 and ACI (both arthritis-resistant) rats were purchased from Harlan-Sprague Dawley (Indianapolis, IN, USA), and DA/BklArb rats were purchased from Bentin & Kingman (Freemont, CA, USA). The rats were maintained at the Arthritis and Rheumatism Branch at the National Institutes of Health in Bethesda (Arb, NIAMS, NIH) and subsequently transferred to the Feinstein Institute for Medical Research (FIMR). Construction of the DA.F344(Cia5a) and DA.F344(Cia5d) subcongenic and F344.DA(Cia1) congenic lines was previously described (11, 12, 14) . Briefly, an 89.7-Mb interval containing the 2-LOD support interval comprising Cia5 was introgressed from F344 into DA/BklArb rats through eight genotype-guided backcrosses, followed by intercrossing to generate homozygous DA.F344(Cia5) congenic rats. These congenics were further backcrossed twice to generate recombinants at the Cia5a (26.4 Mb) and Cia5d (47.3 Mb) intervals. Identical recombinants were intercrossed to generate DA.F344(Cia5a) and DA.F344(Cia5d) homozygous subcongenic lines (Figure 1) . Similarly, the 32.6-Mb 2-LOD interval containing Cia1, which includes the rat MHC, was introgressed from DA/BklArb into F344 rats through eight genotype-guided backcrosses followed by at least five intercrosses to generate homozygous F344.DA(Cia1) congenic rats.
All rats were housed in cages with two to three animals, in 12- T cell activation. Cell surface expression of CD25 (flow cytometry) was used to determine the frequency of activated cells before and 24 h after in vitro stimulation.
T cell proliferation. T cells were labeled with 1 µM carboxy-succinimidylfluorescein-ester (CFSE, BD-Pharmingen) and washed with PBS. CFSE incorporation was confirmed by flow cytometry prior to plating. CFSE intensity was measured again 72 h after in vitro stimulation, and the proliferative index was calculated with ModFit LT version 2.0 (Verity Software House, Topsham, ME, USA). Specifically, the proliferative index indicates the average number of cell divisions that the original population underwent, and it is determined by the sum of cells in all generations divided by the calculated number of total precursor cells in the original population (38) .
AICD. AICD at 24, 72, and 96 h of in vitro stimulation was quantified by flow cytometry, and cells were considered viable when stained negative for both annexin-V and 7-aminoactinomycin (7-AAD, BD-Pharmingen).
Quantification of cytokines. Supernatant aliquots were collected from splenic T cell cultures after 72 h of stimulation and stored at -80 ο C until used.
Commercially available ELISA kits were used for the determination of IFNγ, TNFα, IL-4, and IL-10 (R&D, Minneapolis, MN, USA). All assays were run in duplicates.
Statistical Analysis
Medians were compared with the Mann-Whitney U test. Differences in cytokine absorbance values were normally distributed, and were compared with the Student t test. SigmaStat version 3.0 (SPSS) was used for statistical analyses. A P value of 0.05 was considered significant.
RESULTS
Cia5a accounts for the difference in percentage of CD4 and CD8 T cells seen in DA and F344 rats. The frequency of mature peripheral blood and spleen CD4 T cells (CD4 + CD90 -) was significantly higher in DA compared with F344 rats (P ≤ 0.001, Figure 2A ; and P = .008, Figure  2B , respectively), suggesting that numbers of CD4 + cells are genetically regulated. That difference was not explained by the MHC, as F344.DA(Cia1) congenics had CD4 + cell numbers similar to F344.
Instead, the higher number of CD4 + cells in DA was accounted for by the non-MHC locus Cia5a, as the number of CD4 + CD90 -cells in DA.F344(Cia5a) rats was similar to F344 (P = .002, Figure 2A ; P = .033, Figure 2B ). Peripheral blood and spleen CD4 + recent thymic emigrants (RTE, CD4 + CD90 + ) followed a distribution similar to CD4 + mature T cells, with increased percentages in DA compared with F344 (P = .004, Figure 2C ; and P = .013, Figure 2D , respectively), and this difference was not explained by the MHC. The difference in the frequency of CD4 + CD90
+ RTE cells was explained by Cia5a in peripheral blood (P = .018, Figure 2C ), but not in the spleen ( Figure 2D ). These observations indicate that Cia5a accounts for the variation in frequency of mature and RTE CD4 + T cells, with the exception of CD4 + RTE in spleen, suggesting that early migration of RTE to the spleen is regulated by genes outside the Cia5a interval. Conversely, peripheral blood and spleen from DA rats had significantly lower frequencies of both CD8 + CD90 -(P ≤ 0.001, Figure 2E ; P = .006, Figure 2F , respectively) and CD8 + CD90 + T cells compared with F344 rats (P ≤ 0.001, Figure  2G ; P = .003, Figure 2H ). The non-MHC locus Cia5a accounted for the difference in the percentage of mature CD8 + CD90
cells (P = .002, Figure 2E ; P = .016, Figure  2F ), but not the difference of CD8 + CD90 + RTE ( Figure 2G-H Figure 2B ; CD8, P = .068, Figure 2F ], suggesting that this locus may also regulate differences between DA and F344. There was no significant difference in the number of CD4 + and CD8 + T cells between DA and ACI rats. The MHC regulates the frequency of thymocytes with a CD25 + regulatory phenotype. F344 rats had a 2.4-fold increased frequency of CD4 + CD25 + thymocytes (P = .034, Figure 3A) , and a fourfold increased frequency of CD8 + CD25 + thymocytes (P = .004, Figure 3B ) compared with DA. F344.DA(Cia1) and DA rats had similar frequencies of CD4 ripheral blood and in the spleen was increased in F344 rats (P ≤ 0.001, P = .021, respectively) and F344.DA(Cia1) rats (P = .001, P = .058, respectively) compared with DA rats ( Figure 4A -B), indicating that it is predominantly influenced by genes outside the MHC. The role of non-MHC genes in the regulation of the number of CD4 + CD45RC lο T cells was further demonstrated by the significant differences between ACI and DA rats (peripheral blood: P = .002, Figure 4A ; spleen: P = .038, Figure 4B ). The percentage of CD4 + CD45RC lο T cells in peripheral blood of DA.F344(Cia5a) rats was similar to F344 and different from DA (P = .006, 
cells (E-F) and RTE (G-H). Cia5a accounted for the difference in mature CD8 + T cells (E-F), but not RTE (G-H).
Results are expressed as medians ± 25-75 percentiles for ACI (n = 9), DA (n = 9), F344 (n = 9), DA.F344(Cia5a) (n = 5), DA.F344(Cia5d) (n = 6) and F344.DA(Cia1) (n = 6) rats. All results were compared with DA. **P ≤ 0.01; * P ≤ 0.05; † P = .052; Mann-Whitney U test. T cells was also higher in F344 compared with DA rats (P = .031, Figure 4C ), but F344.DA(Cia1) had a frequency similar to DA, indicating that genes within the MHC account for this difference. there were no significant differences between the parental strains ( Figure 5A and Figure 5B ). Although ACI rats had fewer splenic CD4 + CD45RC lο T cells than DA rats (P = .038, Figure 4B ), ACI rats expressed CD25 + more frequently than DA rats (P = .031, Figure 5C ). The percentage of splenic CD8 + CD45RC lο CD25 + cells was also higher in F344 and DA.F344(Cia5d) rats compared with DA rats (P = .066 and P = .005, respectively, Figure 5D ). These results suggest that F344 rats are enriched for the CD8 + T regulatory cell subpopulation expressing both CD45RC lο and CD25, and that Cia5d accounts for this difference. ACI thymocytes are enriched for double-negative 2 (DN2) cells. We considered that thymocyte development could be genetically regulated, and differences in thymocytes could significantly affect peripheral blood and tissue numbers of T cells. Thymic cells from ACI, DA, and F344 rats were analyzed by flow cytometry. The frequency of thymocytes in the maturation stage DN2 was increased in ACI (P = .021), but not in F344 rats, compared with DA (Table 1) rats. The frequency of DN3 and DN4, double positive (DP), single positive (SP) CD4, and SP CD8 thymocytes was not significantly different between DA and F344 or ACI rats (Table 1 ). These observations suggest Results are expressed as medians ± 25-75 percentiles for ACI (n = 9), DA (n = 9), F344 (n = 9), and F344.DA(Cia1) (n = 6) rats. All results were compared with DA. ** P ≤ 0.01; * P ≤ 0.05; Mann-Whitney U test.
a unique intrathymic development homeostasis in ACI rats, with yet unclear peripheral consequences. thymocytes, peripheral blood and splenic RTE, and mature T cells (Figure 7) . AICD of peripheral blood, thymic, and splenic T cells increased similarly over time in all three strains (Figure 8 ). Taken together, these results show no significant differences in in vitro responses of stimulated naïve T cells, suggesting that intrinsic abnormalities in TCR-signaling in the presence of costimulation do not play a significant role in determining the arthritic phenotypes of these parental strains.
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DISCUSSION
In the process of identifying arthritis severity and susceptibility genes, we hypothesized that at least some of these genes could regulate T cell phenotypes, including T cell development, homeostasis, and function. We included in our studies cell surface marker characteristics and in vitro responses previously described to be abnormal in peripheral blood of RA patients, such as numbers of RTE, CD4/CD8 numbers or ratios, and proliferative responses (35) (36) (37) (39) (40) (41) . Additionally, several T cell characteristics including thymocyte maturation subsets, spleen and peripheral blood subpopulations, and T regulatory cells were analyzed because of their relevance to immune responses. A strong genetic influence on the regulation of several of these T cell characteristics was detected, where arthritis-susceptible and arthritisresistant strains differed. We also observed for the first time that genetic loci (QTL) implicated in the regulation of arthritis severity also regulate numbers of CD4 + Treg (Cia5a) and CD8 + Treg (Cia5d) cells. Arthritis-prone DA rats had increased CD4 + and decreased CD8 + T cell numbers compared with F344 rats, resulting in an increased CD4/CD8 ratio, similar to that reported in synovial and circulating lymphocytes of patients with RA (41) . The fact that the CD4/CD8 ratio difference was also detected in RTE suggests that it derives from strain-specific variation in thymic output. Abnormalities in CD4/CD8 thymic lineage commitment are unlikely, because DA and F344 rats had similar frequencies of CD4 + and CD8 + single-positive thymocytes, suggesting differences in post-thymic homeostasis. Genes within the MHC have been shown to affect CD4/CD8 T cell ratio in the rat (42), but F344 and F344.DA(Cia1) rats (congenic for the DA MHC) had similar frequencies of CD4 + and CD8 + cells in peripheral blood and spleen, both of which were different from frequencies in DA rats, pointing to the effect of genes outside the MHC. Indeed, the frequencies of peripheral blood and splenic CD4 + and CD8 + T cells were accounted for by Cia5a. The overall lack of effect of Cia5a on numbers of CD4 + and CD8 + RTEs suggests that this gene regulates the number of mature T cells by modulating pathways related to postthymic T cell homeostasis, such as peripheral expansion and/or cellular longevity. Intrinsic abnormalities in T cell proliferative responses and susceptibility to apoptosis were not supported by our in vitro studies. Hence, it is possible that the Cia5a effect on T cell turnover is indirect, for example operating via Treg cells, a hypothesis supported by data showing that Treg cells do regulate the numbers of CD4 + T cells (43) .
Results of several studies indicate that Treg cells are able to ameliorate autoimmune diseases in rodents (44) (48, 49, 52) . These cells express PD-1, but not FoxP3 (52) , and it remains unclear whether they are related to the CD4 + CD25 --inducible Treg cells (Th3 and Tr1) described in the mouse (53) . We hypothesized that the number of Treg cells may be genetically regulated D 1 3 ( 5 -6 ) 2 7 7 -2 8 Results were compared with DA using the Mann-Whitney U test, and no significant differences were found.
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and thus would differ between DA and F344 or ACI rats, and that genetic control could be regulated by Cia5a or Cia5d. The overall frequencies of CD25 + T cells in peripheral blood and spleen were similar in DA, F344, and ACI rats. However, the number of CD4 + CD45RC lο cells in peripheral blood and spleen was increased in F344 rats compared with DA rats. In peripheral blood, but not in spleen, CD4 + CD45RC lο cell numbers were regulated by Cia5a. We have previously shown that Cia5a regulates levels of pathogenic autoantibodies against type II collagen along with arthritis severity (14) . (48, 64, 65) and in humans (66, 67) . MHC genes have a major role in the regulation of autoimmune arthritis in rodents (8) Figure 7 . In vitro T cell proliferation. T cells labeled with CFSE were stimulated in vitro with plate-bound anti-CD3 and anti-CD28 for 72 h, and then analyzed by flow cytometry. The proliferative index is the average of divisions undergone by CFSE-labeled cells. Results are expressed as medians ± 25-75 percentiles. Results were compared with DA using the Mann-Whitney U test, and no significant differences were found.
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MHC with RA (69), it remains unclear how the MHC regulates disease susceptibility and severity. Our observations suggest a potentially novel model whereby arthritis-favoring alleles at the MHC could interfere with the thymic development of Treg cells. Surface staining of thymocytes revealed that the DN2 compartment in ACI rats contained nearly 50% more cells than DA, whereas other thymic subpopulations were similar. Although the significance of this finding remains uncertain, DN2 cells are known to give origin to regulatory γ/δ T cells (70) (71) (72) . Therefore, our observation raises the possibility that ACI DN2 thymocytes might have a reduced rate of apoptosis in vivo, or perhaps differentiate more frequently into regulatory γ/δ T cells. Because ACI and DA rats share the same MHC haplotype, this difference cannot be regulated by the MHC. Instead, numbers of DN2 cells may be regulated by non-MHC arthritis regulatory loci identified in DAxACI F2 studies (9, 10, 73) .
Reduced numbers of RTE have been reported in RA, suggesting decreased thymic output (36, 37) . However, the similar percentage of CD90 + cells in peripheral blood and spleen indicates that baseline differences in thymic output are not genetically regulated in the DA, F344 and ACI parental strains and do not associate with the arthritic phenotype in these strains. Increased T lymphocyte proliferative response (36, 37) and resistance to AICD (74) were previously reported in RA. Additionally, mouse chromosome 11 loci syntenic to Cia5d have been implicated in the regulation of thymocyte proliferation (75) , and T cell activation (76) and proliferation (77) . While the relevance of these in vitro T cell responses for RA susceptibility and severity remains unclear, they were the basis for some of our experiments. We considered that, similarly to RA, arthritis-susceptible DA rats would have increased in vitro proliferative responses compared with arthritis-resistant ACI or F344 rats, and that Cia5d would account for differences between DA and F344. However, we observed no significant difference on T cell in vitro proliferative responses between strains. Levels of cytokines in the supernatant were also similar in all parental strains, although F344 T cells tended to produce more IL-10 than DA. CD4 + CD45RC lο and CD8 + CD45RC lο cells are known to release IL-10 upon stimulation (60, 78, 9) , and it is thus conceivable that the enrichment for these cells may have contributed to the moderately increased levels of IL-10. The identification and characterization of the Cia5a and Cia5d arthritis severity genes will significantly increase our understanding of suppressive mechanisms operating in the pathogenesis of autoimmune arthritis. It will also provide strong candidate genes and pathways for casecontrol association studies in RA. Most importantly, the identification of these two genes will generate new biomarkers for prognostication, and novel targets for therapeutic interventions. Furthermore, Cia5a and Cia5d may identify a novel way of modulating Treg cells' function or numbers, which will have direct relevance not only for arthritis and other au-toimmune diseases, but also for cancer, transplantation and infectious diseases. 
